Previous work has shown that Escherichia coli K 12 strains carrying the small, high copy number ColE2-P9 plasmid produce large amounts of colicin and then lyse and release colicin when grown in broth culture containing mitomycin C. Strains carrying the larger, low copy number ColIa-CA53 plasmid produced much less colicin and did not lyse or discharge more than 15 % of their colicin when grown under the same conditions. Naturally-occurring Col+ strains and E. coli K 12 derivatives carrying different Col plasmids could be classified either as ColE2+-like or ColIa+-like according to whether or not they produced large amounts of colicin and lysed and discharged colicin when grown in the presence of mitomycin, and also by the size and presumed copy number of the Col plasmid they carried. Strains carrying multiple copies of the cloned colicin Ia structural gene produced large amounts of colicin but did not lyse or release colicin when grown in the presence of mitomycin. This result rules out the possibility that high level accumulation of colicin is sufficient to cause lysis. Conditions were sought under which colicin Ia could be released from the producing cells. It was found that mitomycin-treated cultures of strains carrying both ColE2 and ColIa plasmids released both colicins when they lysed, although colicin la release occurred later than colicin E2 release. It was also noted that colicin Ia-laden cells released their colicin when diluted into fresh culture medium.
INTRODUCTION
Synthesis of most plasmid-encoded colicins is substantially increased when Col+ cells are treated with agents such as mitomycin C which damage DNA (Pugsley, 1981) . Mitomycin treatment of broth cultures of strains carrying the small, high copy number ColE2-P9 plasmid causes the rapid accumulation of large amounts of colicin within the cells (Pugsley & Rosenbusch, 1981 ; Mock & Pugsley, 1982) . The cells then lyse and release their colicin (Pugsley & Rosenbusch, 198 I) . The same sequence of events is also triggered by mitomycin treatment of strains carrying other small, high copy number Col plasmids (Hakkaart et al., 198 1 ; Varenne et al., 1981; and this paper) . We originally suggested that the massive accumulation of colicin caused localized membrane perturbation leading to lysis and thus to colicin release (Pugsley & Rosenbusch, 1981) , but recent studies on cloacin DFl3-producing cells indicate that this may not be correct (Hakkaart et al., 198 1 ; Oudega et al., 1982) . These studies implicate a small, Col plasmid-encoded protein as a possible cause of lysis: production of this protein is co-regulated with that of the cloacin, and is thus only produced when the cells are grown in the presence of mitomycin (Hakkaart et al., 1981) .
Strains carrying large, low copy number ColI plasmids do not lyse when grown in the presence of mitomycin (Isaacson & Konisky, 1973) . This observation thus contrasts sharply with those t Present address.
Abbretiation : I PTG , isopropy l-P-D-galactop yranoside. obtained with ColE2+ strains, and forms the basis for the studies reported here. I show that strains carrying other large, low copy number plasmids (type 2) do not lyse when grown in the presence of mitomycin. Further experiments were designed to examine the possible reasons for differences between strains producing colicins E2 or Ia and, in particular, to test the possibility that the latter strains may possess a specific mechanism for exporting colicin in the absence of lysis.
METHODS
Bacterial struins undplusmids. Escherichia coli K 12 strains used in these studies are listed in Table 1 . Other E. coli K12 Col+ derivatives were derivatives of BZBlOl 1 or W3110 (BZBIOl 1 gyr+) as listed in Pugsley (1981) , except for the ColM+ strain which carried pColM101, a new type 2 plasmid encoding production of, and immunity to, colicin M. Naturally occurring Col+ strains were isolated from River Rhine water and the colicins they produced were identified by their activity spectra against E. coli K 12 colicin-insensitive mutants and against colicinimmune strains. Col plasmids were divided into types 1 or 2 on the basis of size (Hughes et al., 1978) and the method by which they could be transferred to suitable E. coli K12 recipients. Type 2 plasmids were those which could be transferred only by conjugation (with selection for colicin immunity), whereas type 1 plasmids were those which could be transferred by transformation (Davis et al., 1980) and also sometimes by conjugation, presumably by mobilization with a co-resident Tra+ plasmid. Plasmid DNA extracted from representative recipients was examined by agarose gel electrophoresis (Davis et al., 1980) to confirm the presence of an appropriately-sized plasmid (<I1000 bp = type 1, >30000 bp = type 2; Hughes et al., 1978) .
Plasmid pAPBZ 106 was prepared by ligating EcoRI-digested pBR322 and pColIa-CA53 with T4 DNA ligase and then transforming E. coli K12 strain BZB1019, with selection for pBR322-encoded ampicillin resistance and for colicin Ia immunity. Plasmid DNA from a colicin Ia-producing transformant was used to transform E. coliK 12 strain BZBlOl I , and plasmid DNA extracted from this transformant was shown to be pBR322 with a 6200 base pair insert. The plasmid is probably identical to pJP5 (Weaver et al., 1981) .
Procedures. Procedures for growing cells, SDS-PAGE, labelling cells with IJ.C-labelled amino acids and autoradiography are given in previous communications (Mock & Pugsley, 1982; Pugsley, 1983; Pugsley & Rosenbusch, 1981 ; Pugsley & Schnaitman, 1979) . P-Galactosidase and alkaline phosphatase assays were as described by Miller (1972) and Brockman & Heppel (1968) , respectively. Total colicin and enzyme assays were performed with samples of the culture passed directly through a French pressure cell. Colicins were assayed by mixing dilutions of the preparation with loJ indicator cells in a final volume of 1 ml tryptone broth, incubating for 20 min at 37 "C and then plating for survivors. One unit of colicin was the reciprocal of the amount required to kill 50% of the indicator cells. An alternative assay used in Fig. 4 was based on the ability of colicin Ia to block isopropyl-P-D-galactopyranoside (1PTG)-mediated derepression of /3-galactosidase synthesis. Colicin preparations were mixed with lo6 cells in 1 ml tryptone broth containing 1 mM-IPTG and 100 Fg streptomycin ml-' and incubated with rapid shaking at 37 "C. p-Galactosidase activity was assayed at various time intervals. One unit of colicin was the amount required to reduce P-galactosidase synthesis by 50% over a period of 1 h. Mitomycin was used throughout at 0.5 pg ml-', and all cultures were incubated at 37 "C.
RESULTS A N D DISCUSSION

Two types oJ'Col+ strains
Before proceeding to a comparison of the ColE2+ and ColIa+ strains, it was necessary to establish whether their behaviour when grown in medium containing mitomycin was typical of ColE7-K317, ColK-K235 or ColN-284 all produced sufficient colicin to be detected as a major band by SDS-PAGE of total cell proteins within 1-3 h incubation in tryptone broth containing mitomycin. These cultures then lysed and discharged their colicin; in all cases over 95 % of the colicin remained cell-associated until the culture turbidity began to decline. There were, however, some differences in the time of onset and the extent of the decline in turbidity, and in the amount of colicin and cytoplasmic P-galactosidase released (see examples in Table 2 ). In contrast to these results, E. coli K 12 derivatives carrying type 2 Col plasmids ColB-K260, ColIa-CA53, ColIb-P9 or ColM101 all failed to lyse or to discharge more than 7% of their colicin when grown in the presence of mitomycin (Table 2) . Furthermore, the amount of colicin produced by these cultures was much lower than in the case of the type 1 Col+ strains, and was usually detected only as a very minor band by SDS-PAGE of total cell proteins. The amount of colicin recovered from the medium was higher if the producing cells lacked the homologous outer membrane receptor protein (Fep, Cir and FhuA, respectively), but never exceeded 15% of the activity present in the entire culture. This division into two types of Col+ strains was also extended to 21 independently isolated Col+ strains from the River Rhine. Mitomycin-treated cultures of strains producing colicins E 1, E2, E7, K or N all resembled E. coli K12 strains carrying type 1 Col plasmids, whereas isolates producing colicins B, Ia or M either singly or in combination all resembled the ColIa+ E. coli K12 strain.
ColD-CA23, ColE 1-K53, ColE2-P9, ColE3-CA38, ColE4-CT9, ColE5-099, ColE6-CT14,
Colicin la is not discharged and then degraded
In a previous study it was shown that mitomycin-treated ColE4+ cells discharged active colicin which was then degraded (Pugsley, 1983) . The protease inhibitors p-aminobenzamidine or procaine were shown to be without effect on the yield of extracellular colicin Ia when used under conditions which reduced proteolysis of extracellular colicin E4 (Pugsley, 1983) . Colicin Ia, alkaline phosphatase and P-galactosidase were all released simultaneously from cultures of strain BZB2187 grown for 3 h in the presence of mitomycin and then treated with lOOpg ampicillin ml-l to induce lysis. Approximately 70% of the colicin Ia was released by this procedure, and this colicin remained fully active throughout prolonged incubation of the lysed culture. Similar results were obtained with cultures which had been lysed by passing through a French pressure cell. These results suggest that colicin Ia would be stable were it released spontaneously from the producing cells. Furthermore, SDS-PAGE protein profiles of alcoholprecipitated concentrated spent culture media from mitomycin-treated BZB2187 (ColIa+) and BZBlOl 1 (Col-) strains were identical (data not shown). There was thus no evidence that colicin Ia was released in an inactive form. 
Eflect of mitomycin on a ColIa+-ColE2+ strain
A strain carrying pColIa-CA53 and pColE2-P9 (BZB2188) was grown in the presence of mitomycin to see whether the effects of the antibiotic on pColE2-P9 would lead to colicin Ia release. The results indicated that both colicins were discharged from the lysing cells, but that colicin Ia was released much later than the colicin E2 (Fig. 1) . This result could be explained if the two colicins were in different cell compartments, e.g. colicin E2 in the periplasm (Pugsley & Rosenbusch, 1981) and colicin Ia in the cytoplasm. Preliminary experiments do indeed indicate that colicins Ia and E2 may accumulate in different cell compartments (A. P. Pugsley, unpublished data) . The fact that colicin Ia was released before cytoplasmic P-galactosidase (Fig,  1) could be explained by the fact that P-galactosidase is larger ( M , approximately 460000 compared with approximately 80000 for colicin Ia) and was therefore less able to leak out of the damaged cells.
Eflects of mitomycin on cells carrying multiple copies of the colicin Ia gene
One major difference between ColE2+ and ColIa+ derivatives of E. coli K 12 strains is that the latter accumulate much less colicin when grown in the presence of mitomycin. Results in Figs 1  and 2 indicate that E. coli K12 strains carrying a high copy number recombinant ColIa plasmid accumulate much more colicin when grown under these conditions; the levels approach those obtained with ColE2+ cells. Strains carrying the amplified colicin Ia gene do not lyse or discharge appreciable amounts of colicin when grown in the presence of mitomycin (Fig. 1) . Thus, massive accumulation of colicin cannot itself cause lysis.
Other proteins which may be involved in Iysis
Various Col+ E. coli K12 derivatives were labelled with l4C-labe1led amino acids during growth in the presence or absence of mitomycin. Labelled proteins were then resolved by SDS-PAGE and autoradiography. Strains carrying ColE2, C O W , ColE5 and ColE6 plasmids all produced three new proteins when grown in the presence of mitomycin. In each of these cases, the slow migrating band had the same M , as authentic colicin, and a band migrating at M , 8000-11 000 was presumptively identified as the immunity protein (see Mock & Pugsley, 1982) . A third polypeptide (Fig. 3 ) may correspond to the M , 6000 protein previously reported to be encoded by pCloDF13 (Hakkaart et al., 1981 ; see also Tyler & Sherratt, 1975) . Strains carrying pColE4-CT9 produced four new proteins in the presence of mitomycin C : the colicin polypeptide; the presumed immunity protein; and two M , 6000-7000 polypeptides (Fig. 3) . All other Col+ strains produced only one additional protein when grown in the presence of mitomycin (Fig. 3 and data not shown); this protein had the same M , as authentic colicin in every case. There was thus no absolute correlation between the production of the M , 6000 protein and the occurrence of lysis during incubation in the presence of mitomycin. There may be several explanations for this. The primary function of the M, 6000 protein may be to translocate colicins into the periplasrn (Oudega et al., 1982) ; colicin E2 has been shown to be located in an extracytoplasmic compartment shortly before lysis (Pugsley & Rosenbusch, 198 l) , whereas colicin A accumulates in the cytoplasm (Cavard et al., 198 1) . Alternatively, the M , 6000 Fig. 3 . Identification of proteins whose production is stimulated by mitomycin treatment by labelling with l4C-labeIled amino acids. Cells were grown without mitomycin (A) or in the presence of 0-5 pg mitomycin ml-1 (B) for 60 min. I4C-labelled amino acids (20 pCi ml-' ; 740 kBq ml-I) were added for 10 min. Proteins were resolved by SDS-PAGE using a 7-18% acrylamide gradient separation gel containing 4 M-urea, and the autoradiograph was prepared. Bands marked 4 co-migrated with authentic colicin prepared from the same strain. Bands marked a are other polypeptides whose production was stimulated in presence of mitomycin. The strains used were BZBlOll and its derivatives carrying pColA-CA3 1, pColE2-P9, pColE4-CT9 or pColIa-CA53. The position of M , protein standards are indicated on the right. protein may be produced by all lysis-positive Col+ strains but is either too small or is produced in insufficient quantities to be detected by SDS-PAGE except in ColE2+ to ColE6+ strains. The gene for the M , 6000 protein may indeed be present on pColIa-CA53; the low copy number of this plasmid may limit production of the proteins to levels which are insufficient to cause lysis in mitomycin broth. The gene for the M , 6000 protein may not have been cloned into pAPBZl06.
How does colicin l a get out of producing cells?
The results presented thus far indicate that ColIa+ cells do not appear to have an efficient system for exporting the colicin they produce into the growth medium. This must be reconciled with its role as an extracellular toxin, Wensink & Witholt (1981) have suggested that certain toxins, including colicins, remain on the surface of producing cells, possibly to be transferred to receptors on sensitive cells during cell-cell contact. To test this possibility, mitomycin-treated pABPZ106+ (ColIa+) cultures were mixed with indicator cells, and the activity of colicin Ia was measured by its effects on IPTG-mediated derepression of P-galactosidase synthesis (see Methods). These tests indicated that indicator cells were killed by the addition of dilutions of the entire Col+ culture but were largely unaffected if only the spent culture medium was used (Fig.  4) . To distinguish between killing by colicin on the surface of the producing cells and by colicin released after dilution, the Col+ culture was first diluted into sterile broth and incubated for 1 h. Samples were then added to the indicator cells. These experiments indicated that colicin was indeed released from the producing cells after dilution and during incubation in the sterile broth (Fig. 4) . Further experiments indicated that the colicin activity thus released was sensitive to trypsin and that there was no activity against indicator cells lacking the colicin l a receptor (Cir; Fig. 4) . A dilution step of at least 1 : 20 was required to obtain maximum colicin release. Similar results were also obtained with pColIa-CA53+ cultures except that a longer period of incubation in the presence of mitomycin was required before colicin could be released by diluting the culture (250 min compared with 100 min for pAPBZ106+ cells).
These results suggest an alternative mechanism for the release of colicin from producing cells, but the significance of the requirement for the dilution step is not understood at present. Changes in ionic strength or osmolarity are not involved because the dilution medium was the same as the growth medium. New protein synthesis is also not involved because the dilution medium contained streptomycin. One plausible idea is that the growth medium contained an inhibitor of lysis. The mechanism involved in the release of colicin Ia from diluted cells may be the same as that by which the colicin is released from producing cells to form lacunae when plated together with indicator cells (Pugsley & Rosenbusch, 198 
